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Abstract
We report various electron-cloud simulations for the Low Energy Ring (LER) of
KEKB. These address the evolution of the electron-cloud density at the center of the vac-
uum chamber, the effect of z-dependent quadrupole, dipole and solenoid fields, the re-
sponse of the electron cloud to several bunch trains and filling patterns, the spatial electron
distribution, and the characteristics of electrons lost to the wall. Comparing simulations
and measurements, the present vertical blow up appears to be more consistent with simu-
lations for field-free regions than with those for a quadrupole field. Thus, we recommend
that further C yoke magnets be installed to cover as much of the ring circumference as
possible, including the straight sections. In addition, we show that a C yoke magnet con-
figuration with adjacent magnets of alternating polarity is about two times more effective
than one of equal polarity. More efficient still would be a solenoid field, which promises
a suppression by an additional factor of 3–6. Our simulations also indicate that more than
50% of the electrons in the vacuum chamber are created by secondary emission and not
by the primary photoemission. Thus, also measures aimed at reducing secondary emission




chamber radius rp 47 mm
rms bunch length z 4 mm
rms horizontal beam size x 600 m
rms vertical beam size y 60 m
rf bucket length srf 0.6 m
bunch spacing sb 4, 8, rf buckets
bunch population Nb 3:3 1010
ring circumference C 3000 m
average vertical beta function y 15–20 m
photon reflectivity R 10%, 40%, 100%
photoelectron yield Ype 0.005, 0.02, 0.05/e+/meter
center of photoelectron energy distr. Epe;0 7 eV
photoelectron rms energy spread pe 5 eV
maximum secondary emission yield max (SEY) 1.8
energy of max. sec. emission max 300 eV
Table 1: Parameters assumed for the electron-cloud simulations.
1 Overview
Extending previous studies [1], in this report we present new results of electron-cloud simulations
for the Low Energy Ring of KEKB. Specifically, we evaluate the suppression of the electron cloud
by various magnetic field configurations, e.g., field-free regions, quadrupoles, solenoids, and dipole
fields. For magnetic fields depending on the longitudinal position, the simulation includes additional
solenoidal or transverse field components as implied by Maxwell’s equations.
We do not only compute the total electron charge over the entire vacuum chamber, but also the
electron density close to the beam. We suspect that this latter density is proportional to the effective
wake field of the electron cloud, which, we suppose, is responsible for the observed blow up of
the vertical beam size [1, 2]. The decay and build up time of this density, simulated for various
choices of bunch spacings and train-to-train gaps, can be compared with experimental beam-size
measurements. Simulation results are presented for bunch trains with a spacing of 4 and 8 rf buckets
(one rf bucket is about 2 ns long), and also for bunch pairs in adjacent buckets followed by short
gaps. Also snapshots of the transverse and longitudinal electron distribution are recorded as well as
the simulated energy distribution of electrons lost to the wall, and the dependence of the electron
loss rate on the bunch current, both with and without a magnetic field. The simulated electron loss
can be compared with measurements obtained from two photoelectron monitors [3].
The report is structured as follows. Section 2 presents simulation results for a field-free region.
Section 3 describes characteristics of the electrons lost to the wall. Typical numbers for electron
motion in a magnetic field as well as realistic field parametrisation are discussed in Section 4. Sim-
ulation results for a constant weak quadrupole field are presented in Section 5, and those for a more
realistic z-dependent quadrupole field in Section 6. Section 7 summarises the simulations for weak
and strong dipole fields, and Section 8 those for a weak solenoid. In Section 9, we then discuss the
effect of a certain component of highly energetic photoelectrons. Consequences of intentional bunch
intensity modulations and special fill patterns are studied in Section 10. Finally, we will draw some
conclusions in Section 11.
Typical parameters assumed in our simulations are compiled in Table 1.
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2 Field-free region
We first present some results of the electron-cloud evolution in a region without magnetic field.
Expanding earlier simulations [1], we here also calculate the local density of the electron cloud near
the beam and its evolution during the passage of subsequent bunch trains with intermediate gaps.
Figure 1 shows a typical simulation result for a passage of several trains consisting of 32 bunches
with a bunch spacing of 4 rf buckets and a 32-bucket gap between trains. For the assumed pho-
toelectron yield Y of 0.02 electrons per circulating positron per meter and 40% photon reflectivity
(R), the central cloud density builds up over about 8 bunches and then reaches saturation. In the
gap behind the train, the cloud decays quickly within about 10–15 buckets. Its central density is
almost zero when the first bunch of the second train arrives. However, the density which built up
over the preceeding train is rapidly reestablished, and already the second bunch of the second train
encounters an electron density which is comparable to that at the 8th bunch in the first train. Figure
2 shows an analogous result obtained for 8 bucket spacing. The main difference between Figs. 1 and
2 is that for the 8-bucket bunch spacing the central cloud density is reduced by more than a factor of
two.
The build up over the first train, the decay in the gap between trains, the regeneration of the
central cloud after the first bunch of the second train for the 4-bucket spacing are all consistent
with the measured evolution of the blow up. Comparing the evolution of the measured beam size
blow up and of the simulated cloud density along the bunch train for the 4-bucket spacing, we can
estimate a critical electron density above which the beam-size blows up. That in machine studies
no blow up is observed for an 8-bucket spacing would also be consistent with the reduced value
of the electron density simulated for this pattern. These findings support the hypothesis that the
blow up is determined by the density of electrons at the center of the vacuum chamber. For the
parameters chosen in Fig. 1, we infer a critical central density of the order 51011 m−3. This estimate
agrees (surprisingly) well with the threshold density for the strong head-tail (or TMCI) single-bunch
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Figure 1: Electron-cloud density at the center of the beam pipe in units of inverse cubic meters [left]
and total number of electrons per meter [right] as a function of time in seconds during the passage of
several bunch trains of 32 bunches each with 4 bucket spacing and 32-bucket gap between trains. A
photon reflectivity of 40% and a photoelectron production rate Y of 0.02 per positron and per meter
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Figure 2: Electron-cloud density at the center of the beam pipe in units of inverse cubic meters [left]
and total number of electrons per meter [right] as a function of time in seconds during the passage of
several bunch trains of 32 bunches each with 8 bucket spacing and 32-bucket gap between trains. A
photon reflectivity of 40% and a photoelectron production rate Y of 0.02 per positron and per meter
are assumed. The plotting symbols in the left picture indicate the moments of bunch passage.
3 Electrons lost to the wall
In the LER, two photoelectron monitors are installed. These measure the total current of electrons
deposited on the wall, the energy spectrum of these electrons and the effect of a magnetic field. We
have calculated equivalent quantities in our simulation, in order to assess the agreement between the
computer model and reality, to possibly adjust certain model parameters, and to evaluate the relative
importance of secondary emission as compared with primary photoemission.
Figures 3 and 4 show the simulated energy distributions of electrons lost to the wall, for bunch
spacings of 4 and 8 buckets, respectively. With a quadrupole magnetic field, there are almost no elec-
trons at energies above 20 eV. Below 20 eV, the electron energies are only slightly shifted from their
initial energies at emission from the wall. In these pictures, the two discrete values of electron den-
sities for energies above 50 eV reflect the limited statistics and the small number of macroparticles
found in this energy range. (When we simulate photoemission, all the primary macro-electrons are
emitted with the same initial charge, whereas secondary macro-electrons carry non-discrete smaller
charges [4].)
In field free regions, we notice one or two dips in the electron energy distribution, roughly at 30
eV and at 130 eV. A similar structure is observed in actual measurements with the photo-electron
monitor using variable bias voltage [3]. We suspect that these dips are related to the time structure
of the bunch passages and the number of interactions between the electrons and the beam.
In the simulation, electrons with energies above 250 eV amount to about 10% of the total in a
field-free region and to only 1–2% in a quadrupole field. The average energy of these electrons of
about 1 keV is gained by acceleration in the field of the beam. The fraction of highly energetic
electrons can be increased by including in the simulation an initial component of highly energetic
photoelectrons (e.g., with arbitrarily chosen 4-keV rms spread). The integrated electron current
above 250 eV measured by the photoelectron monitor is of the order of 10% both with and without
a magnetic field [3]. This seems roughly consistent with our simulation results for a few percent of
highly energetic photoelectrons.
Figure 5 shows the simulated photoelectron current on the chamber wall as a function of the
single-bunch current, for a train consisting of 34 bunches with 4 bucket spacing, and either a field-
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Figure 3: Energy distribution of electrons hitting the wall for a bunch spacing of 4 buckets, with and
without a quadrupole gradient of 0.3 T/m. Left: linear scale; right: logarithmic scale. Horizontal
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Figure 4: Energy distribution of electrons hitting the wall for a bunch spacing of 8 buckets, with and
without a quadrupole gradient of 0.3 T/m. Left: linear scale; right: logarithmic scale. Horizontal
axis gives the energy in eV. All distributions are normalised to one.
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with an arbitrarily chosen rms spread of 4 keV, and assume a 40% photon reflectivity, i.e., 40% of the
photoelectrons are emitted uniformly distributed around the chamber. The primary photoemission
rate Y and the maximum secondary yield max are varied. Secondary emission, with an assumed
maximum yield at perpendicular photon incidence of max = 1:8, is seen to enhance the measured
electron current by at least a factor of two. Secondary emission is also a necessary ingredient in
order to reproduce the nonlinear dependence observed in the measurements. The simulation results
indicate that secondary electrons can contribute significantly to the electron cloud and that, thus,
decreasing the secondary emission may reduce the beam-size blow up. The importance of secondary
electrons could be determined experimentally by measuring photoelectron currents (normalised to


























Figure 5: Simulated photoelectron current in A per cubic centimeter of chamber wall, averaged
over a 34-bunch train with 4 bucket spacing, as a function of the single bunch current. Results are
shown for a field-free region [left] and for a C yoke quadrupole arrangement [right]. The various
curves refer to different values of the primary and secondary emission yields, Y and max (SEY ),
respectively, which are being varied from Y = 0:02 to 0.002 per positron per meter, and from
max = 0 to 1:8. A 2% fraction of highly energetic photoelectrons was included.
4 Magnetic field: numbers and parametrisation
Here we discuss some typical parameters of electron motion in a weak magnetic field, and afterwards
we describe our representation of realistic field patterns.
The Larmor radius is given by  =
p
2Eme=(eB), where E is the electron energy and B the local
magnetic field strength. For example, with E = 10 eV and B = 150 G, we find  = 760 m. The
angular cyclotron frequency is !c = eB=me. At a field of 150 G, this evaluates to 2:5 109 s−1, or
to an actual frequency of 400 MHz.
The critical energy of photons emitted in the LER dipole magnets is about 6 keV. An electron
of this energy would have a velocity v =
√
2E=me  4:6  107 m/s, and it would cross the full
diameter of the beam pipe in 2 ns. A 100-eV electron would pass from the chamber wall to the
center of the beam pipe in 8 ns, corresponding to the 4-bucket spacing.
If the initial bending radius  of an electron at the wall is comparable to the beam pipe radius
(47 mm), its motion is not much affected by the quadrupole field. For a magnetic field B of 150 G
the corresponding electron energy is E  (eB)2=(2me)  40 keV, i.e., considerably higher than
the critical photon energy. Thus we expect that a 150-G field could be efficient in suppressing the
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build up of the electron cloud. Without a significant portion of highly energetic photoelectrons, as
assumed in most of our simulations, even much lower quadrupole fields should show an effect.
Let us now look at the parametrisation of various realistic magnetic field patterns, including their
dependence on all three spatial coordinates. In a source-free region, the magnetic field can be derived
from a scalar potential as ~B = r. In lowest order, the scalar potential for the quadrupole field is
 = G(z)xy, where G  @By=@x(z)jr=0 is the local quadrupole gradient in units of Tesla per meter.
If the gradient is not constant in z, Maxwell’s equations imply the presence of a longitudinal field
Bz = @=@z: (1)
Guided by field measurements and computations [3], we choose the parametrisation
G(z) = a + b cos kz (2)
with k = 2= and  the periodicity. For the quadrupole arrangement of the C yoke magnet config-
uration presently installed, the field components are taken to be
Bx(x; y; z) = (a + b cos kz)y; (3)
By(x; y; z) = (a + b cos kz)x; (4)
Bz(x; y; z) = −bk sin(kz)xy: (5)
We consider two different models, representing the two cases of adjacent quadrupoles with equal
polarity and alternating polarity, respectively. We shall call these the symmetric and antisymmetric
configurations. In the first case, we take a = 0:3 T/m, b = 0:2 T/m, and  = 10 cm, and in the
second case a = 0, b = 0:5 T/m, and  = 20 cm.
Similarly, if the C yoke magnets are arranged in a dipole configuration, we assume the field
components
Bx(x; y; z) = 0; (6)
By(x; y; z) = a + b cos kz; (7)
Bz(x; y; z) = −bky sin kz; (8)
with a = 141 G, b = 94 G,  = 0:1 m for the symmetric configuration (equal polarity) and a = 0,
b = 235 G,  = 0:2 m for the antisymmetric configuration (alternating polarity).
Finally, a non-uniform solenoid field implies the existence of a radial field Br(z) 
−1
4
r2(dBz=dz). We shall consider a sinusoidal example, with
Bx(x; y; z) = −1
2
B0kx cos kz; (9)
By(x; y; z) = −1
2
B0ky cos kz; (10)
Bz(x; y; z) = B0 sin kz; (11)
choosing B0 = 50 G, and  = 1 m (k = 2=).
The electron motion in the simultaneous presence of a complex magnetic field and the electric
field of the beam is computed via a Runge-Kutta integration. This Runge-Kutta scheme was written
by O. Bru¨ning [5] using a subroutine of the commercially available NAG library (D02CJF). We have
now replaced it with a CERNLIB subroutine (‘ddqmr’ in the CERN program library mathlib; this is
based on a suggestion by Merson; see G.N. Lance, Numerical Methods for High speed Computers,




The effect of a weak quadrupole field is illustrated by Figures 6 and 7. The two figures compare
various simulation results obtained without and with a magnetic quadrupole field of 0.3-T/m, con-
sidering 34-bunch trains with bunch spacings of 8 and 4 rf buckets, respectively. Shown from top
to bottom are the evolution of the total electron-cloud charge along the train, the transverse electron
distribution at the end of the train, the azimuthal distribution of electrons hitting the wall, and the
azimuthal power deposition (number of electrons weighted with the electron energy). The magnetic
field in the right set of pictures corresponds to about 150 G field at the wall, and represents roughly
the average quadrupole field for the C yoke configuration installed. In these figures, the magnetic
field is constant in z. The pictures show that the magnetic field reduces the total charge build up along
the train by about a factor of 3, and drastically suppresses the number of electrons at the center of
the chamber. In the quadrupolar field, only electrons emitted from the chamber along the diagonals
 = 45 or 135 can gain considerable amounts of energy in the radial beam field. This is reflected
by the increased power deposition along these two directions. On the other had, the enhanced power
deposition at 0 is due to the large number of photoelectrons (90%) emitted under this angle. We do
not observe any qualitative difference between 4 bucket spacing and 8 bucket spacing other than a
two times smaller electron density for the larger spacing. This reduction agrees with a simple scaling
for the neutralisation density and also with the two-fold decrease in photoelectron production rate.
Figure 8 shows a variety of results obtained for reduced magnetic fields of 0.1 and 0.2 T/m, with
a 4-bucket bunch spacing. There is no significant difference to the 0.3-T/m case presented earlier.
Simulations for the lower fields of 0.1 and 0.2 T/m were also performed for 8 bucket spacing, with
similar conclusions.
We next compute the electron-cloud density and the resulting electric field gradient near the beam
as a function of the magnetic field strength, again considering bunch spacings of 4 and 8 buckets
and photon reflectivities of 10% and 40%. Already a field of 0.1-T/m suppresses the central electron
density by a factor of about 10, from roughly 1012 m−3 to less than 1011 m−3 with a corresponding
reduction in electric field gradient. Note that with magnetic field a larger number of macro-particles
is needed to obtain statistically significant results at the center of the beam pipe.
Figure 9 shows the evolution of electron density near the beam and total number of electrons
during the passage of a 14-bunch train and a subsequent gap of 10 missing bunches, for bunch
spacings of 4 and 8 buckets with and without a magnetic quadrupole field. The electron density
near the beam exhibits a much larger modulation than the total number of electrons. This suggests
that electrons in the vicinity of the beam assume a quasi-oscillatory type of motion around the
beam position. The magnetic field reduces the total number of electrons by a factor 2–3 and, more
importantly, the electron density at the center by about a factor 20. However, in the subsequent gap
the decay of both central density and total electron charge is considerably slower for the quadrupole
than for the field-free region. After a gap length of about 100 ns, the electron density without field
drops below that for the quadrupole field. Again, the time pattern of the central electron density is
roughly the same for the two bunch spacings, and density and time scale simply differ by about a
factor of two. Only the absolute value of the electron cloud density could cause differences in the
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8 bucket spacing, 0.3 T/m
Figure 6: Electron-cloud build up along the bunch train [top], transverse electron distribution after 34
bunches [second row], azimuthal distribution of lost electrons [3rd row], and azimuthal distribution
of power deposition [4th row], for a bunch spacing of 8 buckets and Nb = 3:31010, comparing the
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4 bucket spacing, 0.3 T/m
Figure 7: Electron-cloud build up along the bunch train [top], transverse electron distribution after
34 bunches [second row], azimuthal distribution of power deposition [3rd row], and azimuthal distri-
bution of lost electrons [4th row], for a bunch spacing of 4 buckets and Nb = 3:3 1010, comparing
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4 bucket spacing, 0.2 T/m
Figure 8: Electron-cloud build up along the bunch train [top], transverse electron distribution after 34
bunches [center row], and azimuthal distribution of power deposition [bottom], for a bunch spacing
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8 bucket spacing, no field, 14 bunches followed by 10-bunch gap
Figure 9: Electron density near beam per cubic meter [left] and total number of electrons per meter
[right] as a function of time in seconds, during the passage of 14 bunches with 4 bucket spacing
followed by 10 missing bunches. The simulation used 10000 macro-photoelectrons emitted per
bunch (10 times the usual number), a photelectron yield Y of 0.05 per positron and meter, and a
photon reflectivity R = 10%. Top: 4 bucket spacing and field 0.3 T/m; second row: 8 bucket
spacing and field 0.3 T/m; third row: 4 bucket spacing and no field; bottom: 8 bucket spacing and
no field. 12
6 Longitudinal field variation
In the actual machine, the quadrupole field is not constant, but varies periodically with longitudinal
position z. Individual pairs of C yoke magnets are spaced at a distance of 10 cm. Presently the
polarity of these magnets is reversed after every second pair. We here study whether longer or shorter
periods would be beneficial. To this end, we compare the two extreme cases where the polarity is
either held constant throughout or is inverted from magnet to magnet. We call this the symmetric
or antisymmetric configurations. The field parametrisations assumed for either case were given in
Section 4.
Figure 10 shows the electron cloud density (averaged in z) near the center of the beam pipe when
the z dependence of an symmetric or antisymmetric C yoke configuration is taken into account. Dis-
played are both the density at all times, and for clarity, on the right-hand side, also the density at
the moment of a bunch passage only. The latter number should be relevant for the strength of the
single-bunch instability. To speed up the simulations, we here have assumed a 100% photon reflec-
tivity (uniform emission of photo-electrons), and have reduced the photoemission yield accordingly
by a factor 10 to Y = 0:005. This should give the same result as for 10% reflectivity and ten times
higher total photoelectron yield, provided that photo-electrons generated by non-reflected photons
do not contribute to the density at the center of the beam pipe.
Acording to Fig. 10, the electron density near the beam is about two times higher in the symmetric
field configuration (top row) than in the antisymmetric configuration (second row). We attribute this
to the stronger and further extended longitudinal field components in the latter case. Figure 11 shows
a similar result for the 8-bucket bunch spacing. While we observe a clear difference in the central
electron density, we should note that the total electron charge in the entire vacuum chamber (not
shown) is almost identical in the two cases.
This is also evident from Fig. 12, which displays the longitudinal distribution of electrons, either
averaged over the chamber or within 2 cm from the beam. The density is highest at places with
maximum transverse and minimum longitudinal fields. The average number of electrons, on the left,
is about the same for the symmetric and the antisymmetric magnet configurations, but the electron
density near the beam, on the right, is 2 times smaller in the antisymmetric case. The factor of two
may be related to the 2 times longer period in z.
Figures 13 illustrates the decay of the central electron cloud density for the symmetric and anti-
symmetric yoke configurations in a long gap following a 14-bunch train with 4-bucket spacings. The
plotting symbols indicate (partially virtual) bunch positions.
Figure 14 shows the evolution of the electron cloud during the passage of two bunch trains with
intermediate gap. As already seen before for field-free regions and uniform quadrupole fields, when
the second bunch train passes by, the electron density at the beam-pipe center is rapidly reestablished,
and already after the first bunch of the second train it reaches a value comparable to that at the end
of the preceeding bunch train.
Figure 15 shows an attempt at reducing the statistical fluctuation by repeating the same calculation,
for 4-bucket spacing and the symmetric quadrupole configuration, with an increased number of
macro-electrons (10000 emitted per bunch, compared with 2000 used in the previous simulations)
and a larger number of tracking steps through the bunch passage and the interbunch drift (60 and 40,
compared with a normal value of 20, respectively). The figure can be compared with Fig. 16, which
shows the electron-cloud evolution during the passage of two bunch trains in a field-free region.
So far all simulations in this section assumed a photoelectron generation rate Y of 0.005 per
positron and per meter. The photoelectrons were emitted with an azimuthally uniform distribution,
which corresponds to a photon reflectivity R of 100%.
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4 bucket spacing, no field
Figure 10: Electron density near beam per cubic meter for all times [left] and at the moment of
bunch passage [right] including the z dependence of the field, for a bunch spacing of 4 buckets.
Top: symmetric C yoke configuration; second row: antisymmetric C yoke configuration; third row:
constant field; bottom: no field. This simulation assumes Y = 0:005 and R = 100%, and does not
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8 bucket spacing, with z dependence, asymmetric configuration
Figure 11: Electron density near beam per cubic meter for all times [left] and at the moment of
bunch passage [right] including the z dependence of the field, for a bunch spacing of 8 buckets
and the symmetric [top] or antisymmetric [bottom] C yoke configuration. This simulation assumes
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Figure 12: Electron distribution (per 2 cm interval) after the passage of a 34-bunch train as a function
of longitudinal position (in m), for the symmetric and antisymmetric quadrupole field configurations.
Left: total number of electrons; right: number of electrons within a 2-cm radius around the center of
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Figure 13: Electron density near beam per cubic meter as a function of time in seconds, during the
passage of 14 bunches with 4 bucket spacing followed by 10 missing bunches. Left: symmetric
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Figure 14: Electron density near beam per cubic meter and total number of electrons per meter as a
function of time in seconds, during the passage of two trains of 20 bunches each (4 bucket spacing)
with a train-to-train gap of 32 buckets. Left: density near beam; right: total number of electrons per
meter; top: symmetric quadrupole configuration; bottom: antisymmetric quadrupole configuration.
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Figure 15: Electron density near beam per cubic meter and total number of electrons per meter for
a symmetric quadrupole configuration as a function of time in seconds, during the passage of two
bunch trains each (4 bucket spacing) with a train-to-train gap of 32 buckets. Left: density near
beam; right: total number of electrons per meter. These pictures should be compared with the upper
two pictures of Fig. 14, which were obtained using a smaller number of macroparticles and fewer
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Figure 16: Electron density near beam per cubic meter and total number of electrons per meter
for a field-free region as a function of time in seconds, during the passage of two bunch trains
each (4 bucket spacing) with a train-to-train gap of 32 buckets. Left: density near beam in inverse
cubic meter; right: total number of electrons per meter. This simulation assumes Y = 0:005 and
R = 100%.
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sidering a long gap following a single bunch train. In these examples, the photoelectron yield is
increased to Y =0.02 per positron and per meter, while the photon reflectivity is held constant at
R = 100%. In addition, this calculation includes a 2% fraction of highly energetic photoelectrons
with rms energy spread of 4 keV. (We intended to use a larger fraction; the 2% was a mistake. Result
for a 15% component of highly energetic photoelectrons are reported in Section 9). Figure 17 shows
the decrease in the electron-cloud charge density for the symmetric C yoke quadrupole configura-
tion. The decay time is extremely long, of the order of several hundred nanoseconds. Figure 18
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Figure 17: Electron density near beam per cubic meter in a symmetric C yoke quadrupole config-
uration, with 2% highly energetic photoelectrons (4 keV standard deviation), as a function of time
in seconds during and after the passage of a single 20-bunch train with 4 bucket spacing. This
simulation assumes Y = 0:02 and R = 100%.
7 Dipole field
As an alternative to the quadrupole configuration, the C yoke magnets could be installed as dipoles.
Figure 19 shows simulation results obtained for symmetric and alternating dipole-field configura-
tions based on C yoke magnets with 235-G peak field. The central electron-cloud densities for these
cases are comparable to those obtained for the equivalent quadrupole configurations (e.g., compare
Fig. 19 with Fig. 10).
Similarly, Fig. 20 depicts the build up of the electron cloud over a 20-bunch train and the sub-
sequent decay in the symmetric dipole configuration with 235-G peak field. This time we assume
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Figure 18: Electron density near beam per cubic meter in a constant 0.3-T/m quadrupole field,
including 2% highly energetic photoelectrons (4 keV standard deviation), as a function of time in
seconds during and after the passage of a single 20-bunch train with 4 bucket spacing. Thi simulation
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Figure 19: Electron density near beam per cubic meter and total number of electrons per meter for
a z-dependent (sinusoidal) dipole with 235-G peak field as a function of time in seconds, during the
passage of 34 bunches with 4 bucket spacing. Left: density near beam; right: total number of elec-
trons per meter; top: symmetric dipole configuration; bottom: antisymmetric dipole configuration.
This simulation assumes a primary photoemission rate Y = 0:005 and a reflectivity R = 100%, and
it does not include any highly energetic photoelectrons.
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of highly energetic electrons, so that the result can be compared with the simulations for field-free










0 2e-08 4e-08 6e-08 8e-08 1e-07 1.2e-07 1.4e-07 1.6e-07 1.8e-07
4 bucket spacing, symmetric dipole








0 2e-08 4e-08 6e-08 8e-08 1e-07 1.2e-07 1.4e-07 1.6e-07 1.8e-07
4 bucket spacing, symmetric dipole
Figure 20: Electron density near beam per cubic meter [left] and total number of electrons per
meter [right] in a z-dependent sinusoidal dipole field with 235-G peak as a function of time in
seconds during and shortly after the passage of a single 20-bunch train with 4 bucket spacing. This
simulation includes 2% highly energetic photoelectrons (4 keV standard deviation), and assumes a
primary photoelectron yield of Y = 0:02 and a reflectivity R = 40%.
Figure 21 presents simulation results for a strong dipole field, by which we mean that the sim-
ulation considers only the vertical electron motion. The figure, in addition, illustrates the effect
of varying the value of the reflectivity R (and the small fraction of high-energtic electrons). The
electron density is roughly proportional to R.
8 Solenoid field
Figure 22 shows simulation results obtained for a 50-G uniform solenoid field. The central electron
density is zero, and there is no build-up of the total electron charge from bunch to bunch. The
maximum number of electrons in the vacuum chamber is one or two orders of magnitude smaller
than for a quadrupole field or a field-free region. The constant solenoid field thus appears to be a
highly efficient means of suppressing the electron cloud.
However, in reality, due to limited space and in view of beam-optical considerations, the solenoid
field would not be constant, but it would reverse polarity on a length scale of about 1 m. Figure
23 shows simulation results obtained for a 50-G sinusoidal solenoid field with a 1-m period, using
8000 macro-electrons per bunch and 60 or 40 tracking steps during the bunch passage and for the
interbunch gap, respectively. Even in this case, the center density and, in particular, the density
modulation are still much reduced compared with the field free or quadrupole configurations.
One concern is that the total number of electrons shows almost no decrease during the 32-bucket
gap. This is different from all other cases, and may indicate a possible charge build up over a much
longer time scale. However, simulations over a much longer time scale, presented in Fig. 24, do not
support this speculation. Figure 24 shows that the total electron charge does not much increase for
later bunch trains, and that it decreases to almost zero in a 400-bucket abort gap. Also, the electron
density near the beam (on the left, with large statistical error) does not show any unusual growth
over a longer time. Note that the statistical fluctuation of the central density is much larger than for
other simulations, since we here used a significantly smaller number of macroparticles per bunch, in
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Figure 21: Electron density near beam per cubic meter for a strong dipole field as a function of time
in seconds, during the passage of 20 bunches with 4 bucket spacing, comparing cases with 100%
reflectivity and 2% highly energetic photoelectrons and with 40% reflectivity and only low-energetic
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Figure 22: Electron density near beam per cubic meter and total number of electrons per meter for
a 50-G uniform solenoid field as a function of time in seconds, during the passage of two 20-bunch
trains with 4 bucket bunch-to-bunch spacing and 32-bucket spacing between trains. Left: density
near beam; right: total number of electrons per meter. This simulation assumes 100% reflectivity
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Figure 23: Electron density near beam per cubic meter [left] and total number of electrons per meter
[right] for a sinusoidal solenoid field with a peak field of 50G and 1-m longitudinal period as a
function of time in seconds, during the passage of 20-two bunch trains with 4 bucket bunch-to-bunch
spacing and 32-bucket separation between trains. This simulation assumes 100% reflectivity and a
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Figure 24: Long-time evolution of electron build-up in a sinusoidal solenoid field with 50 G peak
field and 1 m period during the passage of 10 trains with 37 bunches spaced by 4 rf buckets and
a 12-bucket train-to-train separation, and a subsequent gap of 400 rf buckets. Shown are the elec-
tron density near beam per cubic meter [left] and the total number of electrons per meter [right]
as a function of time in seconds. This simulation used a small number of only 100 photo-electron
macroparticles emitted per bunch. A primary photoemission yield Y of 0.02, 40% photon reflectiv-
ity, 2% highly energetic photoelectrons (with 4 keV rms energy spread) and a maximum secondary
emission yield of max = 1:8.
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Figure 25 depicts the decrease in the electron-cloud charge density for a sinusoidal 50-G solenoid
field considering a long gap following a single bunch train. The simulation assumes the same pa-
rameters as the equivalent calculations for quadrupole fields in Figs. 17 and 18. Figure 26 shows
a direct comparison of the electron-cloud decay after the passage of a bunch train in an alternating
solenoid and in a constant quadrupole field, respectively, for otherwise identical parameters. The
electron density is significantly smaller in case of the solenoid field, both during the train passage
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Figure 25: Electron density near beam per cubic meter in a sinusoidal solenoid field with a 50-G
peak field and period  = 1 m, as a function of time in seconds during and after the passage of a
single 20-bunch train with 4 bucket spacing. This simulation assumes Y = 0:02 and R = 100%,
and includes 2% highly energetic photoelectrons (4 keV standard deviation).
Figure 27 compares the motion of a single electron computed by either direct stepwise integration
or the Runge-Kutta routine of the CERN program library, considering the passage of 10 low-intensity
bunches in a uniform solenoid field. For this example we used about 100 tracking steps per bunch
and per interbunch gap. Increasing the number of steps by another factor of 5 we obtain perfect
agreemet between the two computation methods. This gives some confidence that the Runge-Kutta
method yields the proper result, and that it can be applied also for the more complicated field patterns
where direct integration is not an option in our program.
9 Highly Energetic Photoelectrons
Could a 10–20% fraction of highly energetic electrons significantly alter the simulation results for
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Figure 26: Electron density near the beam per cubic meter for a 0.3-T/m constant quadrupole field
and for a sinusoidal solenoid with 50-G peak and a period of  = 1 m, shown as a function of
time in seconds during and after the passage of a single 20-bunch train with 4 bucket spacing. This
















































-400000 -300000 -200000 -100000 0 100000 200000 300000 400000
Runge-Kutta int.
direct integration
Figure 27: Electron motion in a uniform 50-G solenoid field with low-intensity bunches (Nb = 3:3
109) at 4 bucket spacing, as computed by Runge-Kutta and direct integration. Top left: horizontal
position in meter vs. time in nanosecond; top right: vertical vs. horizontal position, both in meter;
bottom left: horizontal phase space (velocity in m/s vs. position in meter); bottom right: vertical vs.
horizontal velocity, both in m/s.
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15% fraction of highly energetic electrons is distributed according to a semi-Gaussian distribution
centered at zero with 4 keV standard deviation.
Figure 28 presents simulation results including these highly energetic electrons. Shown are again
typical evolutions of the central cloud density and of the total charge during the passage of several
32-bunch trains separated by 32-bucket gaps, in a symmetric (equal polarity) C yoke quadrupole
configuration, for a bunch spacing of 4 rf buckets. The electron density is again considerably lower
than for a field free region, results for which were depicted in Fig. 1. With 15% highly energetic
electrons the density is about 20% higher than without highly energetic primaries (also displayed).
This difference is not large compared with the sensitivity to other parameters. Thus, the exact per-
centage of highly energetic photoelectrons does not seem to be critical. The figure further indicates
that in a quadrupole field, either with or without highly energetic photoelectrons, some bunches do
not pass at a minimum of the density modulation, which is different from the field-free case.
As for other simulations with magnetic field, the decay of the central cloud density in the gaps
between trains is so slow that it appears to be inconsistent with the observed blow-up pattern for
subsequent bunch trains. This recurring discrepancy suggests that regions with magnetic fields are
not, or at least not the only, source of the observed blow up, if our hypothesis is correct that the latter










0 1e-07 2e-07 3e-07 4e-07 5e-07 6e-07 7e-07
4 bucket spacing, symmetric quad, no high-E e-
4 bucket spacing, 15% high-E e-
at moment of bunch passage









0 1e-07 2e-07 3e-07 4e-07 5e-07 6e-07 7e-07
4 bucket spacing, symmetric quad, no high-E e-
4 bucket spacing, symmetric quad, 15% high-E e-
Figure 28: Electron-cloud density in inverse cubic meters [left] and total number of electrons per
meter [right], comparing simulations with and without a 15% component of highly energetic photo-
electrons, as a function of time in seconds, during the passage of several bunch trains of 32 bunches
each with 4 bucket spacing and 32-bucket gap between trains in a symmetric C yoke quadrupole ar-
rangement. A photon reflectivity of 40% and a photoelectron production rate Y of 0.02 per positron
and per meter are assumed. The distribution of photoelectron energies is described by two Gaus-
sians: 85% are centered at 7 eV with 5 eV rms, the other 15% follow a (half-)Gaussian centered at
0 with 4 keV rms spread. Left: electron density near beam in inverse cubic meters, with plotting
symbols indicating the moments of bunch passage; right: total number of electrons per meter.
10 Intensity Modulation and Fill Patterns
Motivated by the large modulation in the electron-cloud central density observed in the simulation
and following subsequent suggestions by E. Perevedentsev, we explored the effects of a modulated
bunch population and special filling patterns.
Specifically, we first varied the intensity of every other bunch by 10 and 20%, in an attempt
to resonantly remove electrons from the beam vicinity. The results, shown in Fig. 29, reveal little
27
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Figure 29: Electron density near beam per cubic meter [left] and total number of electrons per meter
[right] as a function of time in seconds, during the passage of 34 bunches with 4 bucket spacing
for a 0.3-T/m quadrupole field and alternating bunch intensity, varying by 10% [top] and 20%
[bottom]. This simulation assumes Y = 0:005 and R = 100%.
Figure 30 shows the electron-cloud evolution during the passage of two bunch trains, where the in-
tensity of the last bunch in each train was raised by a factor of three. The magnet configurations from
top to bottom are symmetric C-yoke quadrupole, symmetric C-yoke dipole, uniform quadrupole and
field-free region, respectively. We expected that the higher charge of the last bunch would lead to a
faster decay in the interbunch gap. This was not confirmed by the simulation, however. It is inter-
esting that, in the left upper picture with z-dependent quadrupole field, we observe a large residual
density oscillation in the gap between trains.
Figure 31 shows simulation results for special fill patterns, which were implemented in dedicated
machine studies. Here, pairs of closely spaced bunches are separated by gaps of various sizes.
Clearly visible is an increase of the central electron density at the second bunch of each pair. The
overall electron density appears to be similar in magnitude to that obtained in more conventional fill
patterns. This simulation assumes 100% photon reflectivity and a 2% fraction of highly energetic
photoelectrons.
Figure 32 depicts the results of similar simulations with only 40% reflectivity and without any
highly energetic photoelectrons. Density values in these pictures may be compared with those in
Figs. 1, 2, and 28. Figure 33 presents similar results for groups of 4 bunches in adjacent rf buckets
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Figure 30: Electron density near beam per cubic meter [left] and total number of electrons per meter
[right] as a function of time in seconds, during the passage of two bunch trains with 32-bucket gap
for a 0.3-T/m quadrupole [top] or dipole field [2nd row] in symmetric configuration, for a constant
quadrupole field [3rd row], and for a field-free region [bottom]. The intensity of the last bunch in
each train is increased by a factor of three. This simulation assumes Y = 0:005, R = 100%, and
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Figure 31: Electron density near beam per cubic meter without [left] and with a symmetric C yoke
quadrupole field [right], for pairs of bunches in two adjacent buckets filled followed by 2 [top] or
6-bucket gaps [bottom]. This simulation assumes a photoelectron yield of Y = 0:02 per positron per
meter, a reflectivity R = 100%, and it also includes a 2% component of high energetic photoelec-
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Figure 32: Electron density near beam per cubic meter without [left] and with a symmetric C yoke
quadrupole field [right], for pairs of bunches in two adjacent buckets filled followed by 2 [top] or
6-bucket gaps [bottom]. This simulation assumes a photoelectron yield of Y = 0:02 per positron per
meter, a reflectivity R = 40%, and no highly energetic photoelectrons. All parameters, except for
the fill pattern, are the same as in Figs. 1, 2, and 28, and, hence, the absolute values of the electron
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Figure 33: Electron density near beam per cubic meter [left] and total number of electrons per
meter [right] without [top] and with [bottom] a symmetric C yoke quadrupole field, for 4 bunches
in adjacent buckets followed by a 16-bucket gap. This simulation assumes a photoelectron yield of
Y = 0:02 per positron per meter, a reflectivity R = 40%, and no highly energetic photoelectrons.
All parameters, except for the fill pattern, are the same as in Figs. 1, 2, 28, and 32 and, hence, the
absolute values of the electron density can be compared.
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11 Conclusions
We have reported various electron-cloud simulations for the Low Energy Ring (LER) of KEKB.
These addressed the evolution of the electron-cloud density at the center of the vacuum chamber, the
effect of z-dependent quadrupole, dipole and solenoid fields, the response of the electron cloud to
changes in bunch trains and filling patterns, the spatial electron distribution, and the characteristics
of the electrons lost to the wall.
The build-up of the electron cloud over a first and a second bunch train, the decay time between the
trains, and also the equilibrium density simulated for a field-free region all fit well to experimental
observations and are also consistent with independent simulations and analytical estimates for the
onset of a strong head-tail instability caused by the electron cloud [2]. By contrast, the results are
qualitatively different for a region with quadrupole field, where the electron density is at least a
factor ten smaller, but the decay times are much longer. Our results, thus, give rise to the suspicion
that a substantial part of the vertical beam-size blow up still observed is caused by electrons in the
remaining field-free regions.
We further demonstrated that a weak solenoid field is most effective in suppressing the number
of electrons, and we found no evidence for the existence of quasi-trapped electrons accumulating
over many bunch trains in such a field. The second best magnet configuration is an alternating C-
yoke quadrupole or dipole field. The alternating arrangement suppresses the electrons a factor two
more strongly than the alternative configuration where all magnets have equal polarity. It seems
that the electron-cloud decay times could be somewhat shorter in a dipole field, but the difference is
minor. Since multipacting and secondary emission can become much stronger in a dipole field, the
alternating quadrupole arrangement appears to be the better choice.
The simulations show that the central cloud density is strongly modulated and exhibits pronounced
maxima between subsequent bunch passages. Thereby inspired attempts to remove electrons from
the vicinity of the beam by properly shaping the fill pattern and the intensity of different bunches in
the train were not successful.
In addition, we have computed the characteristics of electrons lost to the wall. Most of the elec-
tron energies are smaller than 30 eV. In a field-free region, the small tail extending to higher energies
shows some structure, which resembles a similar pattern seen in measurements with a pair of pho-
toelectron monitors, and, even without any highly energetic primary photoelectrons, about 10% of
the lost electrons have energies above 250 eV, due to acceleration in the beam field. Both mea-
sured and simulated photoelectron currents grow nonlinearly as a function of the bunch current. The
simulations suggest that more than 50% of the electrons in the chamber are secondary electrons.
This fraction could be determined experimentally by comparing photoelectron currents observed
for different bunch spacings, which may help in deciding between two possible explanations of the
observed threshold in the beam-size blow up: (1) critical electron density above which the strong
head-tail instability occurs, or (2) onset of strong multipacting.
In view of the above simulation results, we would like to make the following recommendations.
Further C yoke magnets with quadrupole field should be added in as many as possible of the
remaining field-free regions, including the straight sections. The C yoke magnets should be installed
preferably with alternating polarity.
If this turns out not to be sufficient, the installation of (more expensive) weak solenoids should be
considered. According to our simulation and also from experience at various other machines (PEP-II
[7], SPS [8],...) a longitudinal field is about five to ten times more efficient than a quadrupole field
of comparable field strength. Finally, one may explore the possibility of in-situ TiN coating, in order
to lower the secondary emission yield.
All the above approaches aim at reducing the electron-cloud density near the beam. One could
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also attempt, in parallel, to lower the instability growth rate via changes to the beam optics. In
particular, the vertical blow up should be sensitive to chromaticity and bunch length.
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